Abstract Structurally well-defined bioactive films have been prepared in a single solventless step by atomizing precursor molecules into a non-equilibrium electrical discharge. By way of example, atomized spray plasma deposition is used to form poly(alkyl acrylate) arrays for phospholipid immobilization, and poly(N-acryloylsarcosine methyl ester) protein-resistant surfaces.
Introduction
Bioactive surfaces are important for a plethora of applications including biocompatible implants [1, 2] , the study of biological processes [3] , and the prevention of biofouling [4] . For instance, immobilized phospholipid surfaces [5] are used for biosensing [6, 7] , biomimesis [8, 9] , bioseparation [10] , vesicle binding [11, 12] , biocompatibility [13, 14] , and enzyme immobilization [15] . Phospholipids are a type of amphiphilic lipid comprising a hydrophilic phosphate head group and a straight alkyl chain hydrophobic tail group. They play an important structural role in the cell membrane through hydrophobic interactions between tail groups to form a lipid bilayer [16] . Previously, phospholipid surfaces have been prepared using graft polymerization [17, 18] , self-assembled monolayers of alkanethiols [19] [20] [21] , thiolipids [22] , or silanes [23, 24] (to form lipid bilayers). Another noteworthy class of bioactive surfaces is protein-resistant coatings which are highly sought after for antifouling applications [25] and cell-resistant biomedical devices [26] . Some examples include poly(ethylene glycol) [27] [28] [29] , polyacrylamide [30] , or polysaccharide [31] [32] [33] layers formed by physisorption [34] , graft polymerization [35, 36] , plasmachemical deposition [37] [38] [39] ,or self-assembled monolayers (SAMs) [27, 40, 41] . Many of these preparative methods for bioactive surfaces tend to suffer from inherent limitations: physisorption is by its very nature reversible; graft polymerization requires an initiator layer [42] or surface functionalisation prior to commencing the grafting step [17, 35] ; whilst self-assembled monolayers are substrate-specific [43, 44] and can be moisture sensitive (e.g. silanes [45] ) or unstable in oxidative chemical environments (e.g. thiols [46] ).
In contrast to the aforementioned drawbacks, plasmachemical deposition is a solventless, substrate-independent method for thin film production [47] . In the past it has been shown that structurally well-defined functional nanocoatings can be prepared by pulsed plasmachemical deposition, which involves modulating an electrical discharge in the presence of precursor vapour on the microsecond-millisecond timescale [48] . In order to achieve higher deposition rates, it becomes necessary to increase the pressure or flow rate of the precursor vapour, thereby lowering the average plasma input energy per precursor molecule [47, 49] ; however this ultimately leads to plasma instabilities and eventual electrical discharge extinction. Furthermore, solid precursors cannot be utilized due to their lack of sufficient vapour pressure. These shortcomings can be circumvented by utilising an atomized spray of the precursor molecule to provide localized high concentrations of monomer in the form of fine droplets which are effectively less perturbing to the overall collective plasma stability phenomena (compared to the far greater pressures for equivalent vapour phase precursor concentrations) [50] [51] [52] . In addition, low vapour pressure solid precursors can be utilized by mixing with liquid precursors to facilitate direct atomization into the plasma excitation medium.
In this article, we report on the atomized spray plasma deposition (ASPD) of poly(alkyl acrylate) layers in order to explore the influence of alkyl chain length upon surface lipophilicity, and poly(N-acryloylsarcosine methyl ester) films for protein resistance, Scheme 1.
Experimental

Atomized Spray Plasma Deposition
Plasmachemical deposition was carried out in an electrodeless cylindrical glass T-shape reactor (volume 820 cm 3 , base pressure of 3 9 10 -3 mbar, and with a leak rate better than -9 mol s -1 ), enclosed in a Faraday cage. The atomized spray precursor inlet was surrounded by a copper coil (4 mm diameter, 7 turns; Fig. 1 ). The chamber was pumped down using a 30 L min -1 rotary pump attached to a liquid nitrogen cold trap, and a Pirani gauge was used to monitor system pressure. The output impedance of a 13.56 MHz radio frequency (rf) power supply was matched to the partially ionized gas load via an inductorcapacitor (L-C) matching unit connected to the copper coil. Prior to each deposition, the reactor was scrubbed using detergent, rinsed with propan-2-ol, and dried in an oven. A continuous wave air plasma was then run at 0.2 mbar pressure and 50 W power for 30 min in order to remove any remaining trace contaminants from the chamber walls. Substrates used for coating were pieces of silicon (100) wafer (Silicon Valley Microelectronics Inc.), PTFE (Goodfellow Cambridge Ltd.), and polypropylene (Lawson-Mardon Ltd., capacitor grade); these were placed downstream from the atomizer nozzle. Precursors used for ASPD were n-hexyl acrylate (liquid, ?98 %, Sigma-Aldrich Ltd.), n-dodecyl acrylate (liquid, ?90 % Sigma-Aldrich Ltd.), n-octadecyl acrylate (solid, ?97 %, Sigma-Aldrich Ltd., dissolved to form a 1:3 mixture with n-dodecyl acrylate), and N-acryloylsarcosine methyl ester (?97 %, Alfa Aesar Ltd.). Each precursor was loaded into a sealable glass tube, degassed using several freeze-pump-thaw cycles, and then was introduced into the reactor at a flow rate of 0.02 mL s -1 (mediated by a needle metering valve) via an ultrasonic nozzle (Model No. 8700-120, Sono Tek Corp.) operating at 120 kHz. Deposition entailed running a 50 W continuous wave plasma for 150 s whilst concurrently atomizing the precursor. Upon plasma extinction, the system was evacuated to base pressure, and then vented to atmosphere. The films were well adhered and stable towards polar and non-polar solvent washing. Control experiments showed that in the absence of plasma excitation, the deposited layers could be easily washed off with solvent. Typically, a minimum of 3-5 samples were analysed.
Film Characterization
Surface elemental compositions were determined by X-ray photoelectron spectroscopy (XPS) using a VG ESCALAB II electron spectrometer equipped with a non-monochromated Mg Ka X-ray source (1,253.6 eV) and a concentric hemispherical analyser. Photoemitted electrons were collected at a take-off angle of 20°from the substrate normal, with electron detection in the constant analyser energy mode (CAE, pass energy = 20 eV). Experimentally determined instrument sensitivity (multiplication) factors were taken as C(1s):O(1s):N(1s) equals 1.00:0.36:0.63. All binding energies were referenced to the C(1s) hydrocarbon peak at 285.0 eV. A linear background was subtracted from core level spectra and then fitted to Gaussian peak shapes with a constant full-width-half-maximum (fwhm) [53, 54] . Infrared spectra were acquired using a FTIR spectrometer (Perkin-Elmer Spectrum One) fitted with a liquid nitrogen cooled mercury cadmium telluride detector operating at 4 cm -1 resolution across the 700-4,000 cm -1 range. Attenuated-total-reflection spectra were obtained using a Golden Gate accessory (Specac Ltd.).
Sessile drop water contact angle measurements were performed at ambient temperature using a video capture apparatus (VCA2500XE, A.S.T. Products Inc.) in combination with a motorized syringe dispensing a 1 lL droplet size. High purity water (B.S. 3978 grade 1) was used as the probe liquid.
Film thicknesses were measured using a spectrophotometer (nkd-6000, Aquila Instruments Ltd.). Transmittance-reflectance curves (350-1,000 nm wavelength range) were acquired for each deposited layer and fitted to a Cauchy material model using a modified Levenberg-Marquardt algorithm [55] .
Bioactivity Testing
In the case of the alkyl acrylates, ASPD was performed through a 100 mesh brass grid (pitch 250 lm, hole width 205 lm, bar width 45 lm) onto PTFE pieces in order to produce bioarrays, which were then tested for bioactivity by sequential immersion into solutions of 20 lg mL -1 phospholipid-biotin conjugate (KODE Biotech Ltd.) followed by 20 lg mL -1 avidin-FITC conjugate (Invitrogen Corp.) in phosphate buffered saline solution (Invitrogen Corp.), where FITC is a fluorescent tag. Between each immersion, the substrate was thoroughly rinsed with deionized water and washed in phosphate buffered saline solution in order to remove any non-bound surface species.
For N-acryloylsarcosine methyl ester, ASPD was carried out through a 1,500 mesh nickel grid (pitch 16.5 lm, hole width 11.5 lm, bar width 5 lm) onto polypropylene pieces, and these were then immersed into a 50 lg mL -1 Protein A-FITC conjugate (Sigma-Aldrich Ltd.) in phosphate buffered saline solution, and subsequently rinsed with deionized water and washed in phosphate buffered saline solution to remove any nonbound surface species.
Fluorescence microscopy was performed using an Olympus IX-70 system (DeltaVision RT, Applied Precision Inc.). Images were collected using excitation wavelengths at 490 ± 25 nm and emission wavelengths at 528 ± 40 nm corresponding to the absorption/ emission maxima of 494/518 nm for the FITC fluorescent tag.
Results
Atomized Spray Plasma Deposition of Lipophilic Poly(Alkyl Acrylate) Layers
The absence of any Si(2p) XPS signal from the underlying silicon substrate confirmed that complete surface coverage had been achieved by ASPD (Table 1) . For the atomized spray plasma deposited poly(alkyl acrylate) layers, there is good agreement between the measured carbon-to-oxygen elemental ratios and those expected theoretically (with just a slight reduction in oxygen). Angle-resolved XPS analysis revealed no significant change in these ratios, which indicates no surface ordering of the alkyl chains. There are three distinctive components in the C(1s) XPS spectrum corresponding to hydrocarbon (C x H y ) at 285.0 eV, as well as oxygenated carbon centres, C-O (at 286.6 eV), and O-C=O (at 288.9 eV; Fig. 2 ). The decrease in intensity of the oxygenated carbon component peaks with increasing alkyl chain length for the poly(alkyl acrylate)s is consistent with the theoretically predicted trend (Table 1 ). In the case of the atomized spray deposited poly(dodecyl acrylate-co-octadecyl acrylate) layers, the films most likely contain a random arrangement of the respective monomers.
Infrared spectroscopy provided additional evidence of high levels of structural retention for the atomized spray plasma deposited poly(alkyl acrylate) layers (Table 2 ; Fig. 3 ). Alkyl C-H and carbonyl C=O stretch vibrations are retained; whilst there is a disappearance of absorbances associated with the C=C acrylate bond, which is indicative of conventional carbon-carbon double bond polymerization taking place during ASPD. For each poly(alkyl acrylate) layer the carbonyl C=O stretch shifts to higher wavenumbers by 10-18 cm -1 compared to its monomer, which is consistent with a change in chemical environment from a conjugated carbonyl group (i.e. an acrylate) to an unconjugated carbonyl group (i.e. polymerization) [56] .
Contact angle analysis showed that the atomized spray plasma deposited poly(alkyl acrylate) layers all exhibit static water contact angles of 80°, which is consistent with the hydrophobic nature of the polymer alkyl chain side group [57] (Table 3) .
The measured film growth rates were found to be significantly greater for all of the atomized spray plasma deposited films compared to previously reported vapour phase techniques (by at least a factor of 20; Table 3 ) [58] . The deposition rate was found to decrease with increasing alkyl chain length, which correlates to a lower concentration of acrylate polymerization groups (given the corresponding increase in molecular mass of the precursor and constant delivery flow rate).
Fluorescence micrographs of atomized spray plasma deposited poly(hexyl acrylate) and poly(dodecyl acrylate) films exposed to phospholipid-biotin and then avidin-FITC solutions displayed negligible fluorescence (Figs. 4, 5) . In contrast, the poly(dodecyl acrylateco-octadecyl acrylate) layer containing the longer C 18 H 37 alkyl chain showed significant phospholipid binding indicative of stronger hydrophobic interactions between the alkyl chain side groups and the phospholipid, which can be attributed to the interdigitation of the 18-membered phosholipid alkyl groups with the 18-membered alkyl chains present in the octadecyl acrylate moiety (this is in contrast to phospholipid bilayer formation on alkylcontaining self-assembled monolayers, where lipid binding is independent of alkyl chain length [20] ). As a control experiment, no fluorescence signal was detected following exposure of the poly(dodecyl acrylate-co-octadecyl acrylate) layer to just the avidin-FITC conjugate solution.
Atomized Spray Plasma Deposition of Protein-Resistant Poly(N-Acryloylsarcosine Methyl Ester) Layers XPS analysis of the atomized spray plasma deposited poly(N-acryloylsarcosine methyl ester) layers showed reasonable agreement between the theoretical and experimental elemental concentrations (Table 1) . The XPS C(1s) spectrum can be fitted to the following components [39] : C x H y /C-N (285.0 eV), N-C-COO (285.7 eV), C-O/N-C=O (286.7 eV), and O-C=O (288.6 eV; Fig. 6 ).
The following infrared bands can be assigned to the N-acryloylsarcosine methyl ester monomer: m as (CH 3 ) stretch (2,954 cm ; Fig. 7 ) [39, 56] . Infrared spectroscopy indicated good structural retention for the atomized spray plasma deposited poly(N-acryloylsarcosine methyl ester) films. The absorbances associated with the carboncarbon double bond are seen to have disappeared, which is consistent with conventional polymerization having taken place during ASPD. The static water contact angle for atomized spray plasma deposited poly(N-acryloylsarcosine methyl ester) films is consistent with previous studies for poly(N-acryloylsarcosine methyl ester) layers [59] (Table 3 ). The observed hydrophilicity stems from the terminal ester group and the amide linkages within the polymer backbone [39] . A factor of 20 enhancement in deposition rate was measured compared to conventional vapour-phase approaches [59] (Table 3) .
Fluorescence micrographs of atomized spray plasma deposited poly(N-acryloylsarcosine methyl ester) films through a grid and then exposed to Protein A-FITC displayed Fluorescence / Counts Fig. 4 Fluorescence intensity for atomized spray plasma deposited layers exposed to phospholipid-biotin and then avidin-FITC solutions (HA = poly(hexyl acrylate), DA = poly(dodecyl acrylate), and DA-co-OA = poly(dodecyl acrylate-co-octadecyl acrylate) Fig. 5 Fluorescence micrographs of atomized spray plasma deposited arrays exposed to phospholipidbiotin and then avidin-FITC solutions: a poly(hexyl acrylate); b poly(dodecyl acrylate); and c poly(dodecyl acrylate-co-octadecyl acrylate). White scale bar = 100 lm negative images, which verified that these surfaces are protein resistant compared to the masked uncoated (protein binding) regions (Fig. 8 ).
Discussion
Atomized spray plasma deposition provides a substrate-independent, solventless technique to yield functional coatings. Plasma excited species (VUV, electrons, ions) activate the substrate surface in conjunction with initiating polymerization at the carbon-carbon double bond contained in the precursor molecules (which are introduced into the plasma medium as a fine mist of small droplets-around 25 lm in size [60] ). Polymer chain growth propagates within the droplets and during substrate impact culminating in rapid film growth. The measured deposition rates for the poly(alkyl acrylate) and poly(N-acryloylsarcosine methyl ester) bioactive coatings far exceed those reported for conventional vapour-phase deposition techniques [58, 59] . Furthermore by utilization of an atomized spray, the negligible vapour pressures of dodecyl acrylate and octadecyl acrylate are no longer a limitation. Unlike previously reported atmospheric pressure ASPD processes, the present approach circumvents the requirement for expensive diluent gases such as helium [50, 51] , and avoids plasmainduced damage of the growing film [61] by positioning of the substrate downstream from the atomizer nozzle. Such fast deposition rates combined with high levels of functionality (structural retention) makes this technique amenable to high-throughput manufacturing (such as roll-to-roll processing). Also, in contrast to electrospray ionization and atmosphericpressure chemical ionization deposition techniques, this approach circumvents the requirement for preformed polymers, solvents, and conductive substrates [62] . 
Conclusions
Lipophilic poly(alkyl acrylate) and protein-resistant poly(N-acryloylsarcosine methyl ester) bioactive coatings have been prepared in a single, solventless step using ASPD. Film growth rates are significantly enhanced compared to conventional techniques. Furthermore, low vapour pressure solid precursors can be utilized by mixing with liquid precursors to facilitate their direct atomization into the plasma medium. 
